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AFGL-TR -84-0195
Inference of Equatorlal Fleld-Line-Integrated

Electron Density Values Using Vhstlers

D. Anderson .1
Air Force Geophysics Lab., Hansom Air Force Base, MA 0173"

P. M. Kintner and M. C. Kelley
School of Electrical Engineering, Cornell University, Ithaca, NY 14853

Abstract. The nighttime electron density Integrated along a magnetic field

line at very small L-values (L a 1.06) Is inferred by coparing whistler

dispersions measured from a sounding rocket with model Ionospheric

calculations. At a local time of 0500 LTg the electron density in the F-layer

valley was found to be about 1 x 103 /cm 3 . We suggest that this technique can

be applied to earlier times in the local evening to determine Ionospheric

conditions which benefit the growth of low latitude plasma Instabilities.

Introduction

During the post sunset period the equatorial Ionosphere Is known to be

turbulent over scale sizes from tens of kilometws to tens of centimeters. The

turbulence (equatorial spread-F) is believed to originate at long wavelengths

through an interchange process, such as the Rayleigb-Taylor Instability or the

EzB drift instability. In brief, a plasma depletion develops at the bottom of

the F-layer which rises like a bubble through the F-region. Many of the long

wavelength properties can be simulated using two dimensional models (Ossakow,

1981) which neglect variations along the field l1ne. Nonetheless, the process

Is known to be three diensional. ALTAIR radar measurements show dramatically

that the plsma depletions fully extend along magnetle lines (Tsunoda, 1980).

In addition, the field line Integrated parameters such as Pedersen oonduotivIty

and electron content are Important In determining the Instability growth rates
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(Anderson and Harendel, 1979). On the other band, It Is very diffioult to

measure the electron density below the dense F-rogion. In this paper we apply

an old technique (measuring whistler dispersion) to validate model calculations

of equatorial field line integrated electron densities. We also suggest that 0

measuring whistler dispersion at appropriate local times may be useful in

determining whether or not ambient ionospheric conditions exist which benefit

the growth of low latitude plasma Instabilities. S

VLF waves below the electron gyrofrequency propagate dispersively. For

conditions at the equatorial ionosphere the local dispersion Is proportional to

the square root of electron density and the total dispersion Is proportional to

the Integrated square root of electron density along the group path. Our

approach will be to compare observed whistler dispersion haracteristics to

three dimensional odels of the equatorial Ionosphere (Anderson, 181) and to

show that we not only can verify the model but can additionally determine the

electron density vithin the F-layer valley. Unfortunately the local time of

these particular measurements is at 0500 LT which limits their Importance to p.

spread-F tbeories. However the technique does not appear to be sensitive to

local time and it could easily be applied In the post sunset period.

Experiment Descri ption

A Taurus-Tomahawk sounding rocket (34.010) was launched from Punta Lobos,

Peru on March 21, 1983 at 9:53:30 UT to a maximum altitude of 427 ks. Its

primary mission was to study the critical velocity effect using a barilum shaped . "

charge. In addition to the emonoal release the payload contained a VLF ..

electric field experiment which sensed potential fluctuatlons between two 4 -

spheres separated by 3 mtors. The launch point was about 20 ke south or the Codes
3/or -

magnetic dip equator and the payload traveled to the vest. To a god.-~ I
i I1 1
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approximation the payload was close to the dip equator during the entire

flight.

A sketch of the relation between the payload and the equatorial magnetic

field In shown in Figure 1. The payload Is approxiaately oentered along the

field line Intersecting the payload. Now suppose that a lightning stroke

occurs at one end of the field line which Initiates a whistler. If we make the

Important ass ption that the whistler propagates parallel to the magnetic

field, then we expect the rocket to see a series of whistlers, each with

progressively more dispersion. The first whistler trace vill have dispersion

associated with the square root of electron density integrated along 1/2 of the

field line, the second trace will be associated with 3/2 of a field line, the

third trace will be associated with 5/2 of a field line, etc. Ve should

emphasize that there Is no a priori reason to expect whistler propagation

parallel to the magnetlo field but the observation of a multiple hop whistler

showing dispersion with the ratios 1/2, 3/2, 5/2, etc. would be strong evidenoe

in favor of parallel or ducted propagation. The propagation of low latitude

whistlers has been reviewed by Eayakawa and Tanka (1978) who concluded that

multiple-hop whistler trains are rarely observed from ground stations for

nighttiAe low latitude conditions although they may be more commonly seen from

In situ observations.

An example of one of nine multiple-bop whistlers observed during the 10

minute flight Is shown in Figure 2. This exmple oocurred at 385 Ia altitude

ILIduring the upleg. The whistler clearly sbovs five traces and a sixth Is

observable In the raw data. The disparsions for the first tive traces are 1.8t

16, 30, 37, 54 &9c1 1 2 which nearly matches the expected ratio 1/2t 3/2, 5/2,

7/2, 9/2. The dispersion along the field lime may be oaloulated by dividing

the expected ratio Into the observed disperlot and then averaging. The result

I



for the dispersion along one full length of the field line Is 10.8 so 1 / 2 .

This procedure has been applied to 8 other multiple hop whistlers and the

estimated dispersions are shown In Figure 5 as sts. At 425 ke altitude,

oorresponding to L a 1.066, the typical dispersion Is 11 se01/ 2 . This value --

agrees quite well with ground station observations during the 0000-0700 LT

period (Hayakawa and Tanaka, 1978).

For path lengths greater than 1/2p the whistler trace In Figure 2 has a

missing band between 325 Hz and 125 Ez. We believe that the missing band was

caused by attenuation near the two Ion crossover frequency (Smitb and Brice,

19643) for a mixture of r and 0+ or heavier Ions. The two Ion crossover

frequency is given by fx a fCai*(oCN/ + 3R*161) for 0* where No# + a z .

Since we expect that Nr << NO., the second tern can be neglected and f, a

No+/NfCH*. The H* cyclotron frequency at 125 km altitude on the dip equator Is

340 Rz. This sets the low frequency boundary of the missing band and suggests

that the local Br plasma density Is about 51 of the total density. As the

whistler propagates downward and away ftra the dip equator, the crossover

frequency increases until the whistler reaches the foot of the field line. The

H' cyclotron frequency at the foot of the field line (125 km altitude) is 451

!z which also suggests an R' contribution to the total density of about 5%.

Model Calculations

The measured whistler dispersion yields an electron d6naity averaged along

the propagation path. To Interpret this result we have employed an ionospheric

model. To calculate electron densities as a fruntlon of altitude, latitude and

local time, the time-dependent ion (0) oontinuity equation Is solved

uerloally. This equation in given by

! IN .# ,v) V, ,
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vbere NI (u Ne) Is the Ion density; PI, the Ion Production rate; LI, the ion

los rate; and TI, the ion transport velocity. Solv"n equation (1) at low

latitudes necessitates transforming the Independent Coordiates r, e and $ to a

coordiate system parallel and perpendicular to A (Anderson, 1973a,b). The set

of coefficients for the Ion continuity equation is obtained from models of the

neutral composition, Ion and electron temperatures and production, loss and

diffusion rates as well as j z J1 drift and neutral winds. Briefly, the models

are as follows:

1) The MSIS neutral atmospheric model (Bedl et al., 1977) is used to

calculate N2 , 02, and 0 densities and the neutral temperature as a function of

altitude, latitude and local time.

2) Production, loss and diffusion rates are slailar to those used by

Anderson (1973b). For the pbotoionization ooefIcient at the top of the

atmosphere, P , a value of 6.0 z 10- 7soc "1 Is chosen to represent March 20-21,

1983 conditions. Electron and ion temperatures we obtained from equinox,

moderate solar activity measurements at JIcanarca (March, 1969).

3) Inclusion of the vertical Z z J[ drift velocity first observed by

Woodman (1970) and studied in detail by Fejer et al. (1979) Is essential In

producing and maintaining electron density distributons observed near the

magnetic equator. Figure 3 displays an Z z I drift model appropriate for solar

maximum conditions. For the March 20-21 simulation the vertical drift velocity

pictured in Figure 3 was multiplied by 0.8 between 1600-2000 LT and by 1.25

between 0200-0500 LT.

4) The asemed meridional component of the neutral vind, taken tn

Anderson and Ilobuehar (1983) Is polevard during the day, reaches a maxlmum

velocity of TO lsoee at 1700 LT at L 4So let. and Is symetric about the

pographle equator. The wind becomes equatorvard at 1915 LT and reaches C
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maimum velocity of 85 n/sec at 2300 LT. The se0se wind component Is neglected

because the magnetic field declination Is mall at Jicamaroa longitudes..

Calculated electron density values as a function of altitude at the

magnetic equator are Illustrated In Flgure 4 and compared to ground

observations. In the early morning (0200 LT) the Jicanarca radar observatory

made a series of density measurements as a function of altitude which shoved

the F-region peak at about 350 lm altitude compared to the model prediction of

300 km. Nonetheless the overall profile and absolute values agree well with

the model. At 0500 LT, the time of the sounding Pocket flight, the only

Ionospheric electron density measurement available was the value of fo72 from

Iuan.ayo. The altitude of foF2 was 270 km in agreement with the model while

the model electron density was slightly smaller than the ionosonde

measurements. On board the payload was a Lanpuir probe "sensitive to the

relative electron density; It indicated that foP2 was betwen 240 km and 260 "

ka. The electron density model at 0500 LT Is used ia the saloulations that

follow.

The time-dependent continuity equation is solved smerloally along a

number of geomagnetic field lines In order to calculate electron densities up

to an altitude of 1000 km over tbe magnetic equator. At each point on the

field line where electron density Is calculated we also oalculate the local

plasma frequency, fp, given by 160.5 z le(el/m3); fe the electron

gyrofrequency, and the whistler group velocity given by

It +  .1f

I P 0

where e Is the speed of light. To find the period, T, tm a whistler wave to

travel from ome end of the field ls* to the other, the quntity dsVg() Is



Integrated along the field line from 125 km altitude In the northern hemisphere

to 125 k altitude In the southern,"

f .

Ta f p ds

,f •~ --- °).

0

orrT D f-Pds assuming that f

D Is called Disperison In u=Its (sea1 1 2 ).

The calculated dispersion In ompared with the observed dispersion In

Figure 5. We asume two different values for the electron density In the

F-layer valley 1 z io3 el/cm3 and 2 z 104 *Iia.3 which produce two different

curves for the dispersion as a fimotion of rocket altitude. The asumption of

an F-layer valley electron density of I z 103 el/cm 3 produces values which

agree veil with observed dispersions. ?ber* is a suggestion from the data

above 350 ka that a slightly smaller wve (20 5)of electron density In the F-

layer valley would be appropriate,

Conclusions

Using whistler dispersion measurements we have verified an Ionospheric

model of electron density at 0500 LT and set the value of electron density

within the F-layer valley to be slightly smaller than I z 103 /cm3 for magnetic

field lines which intersect the equator at higher altitudes. The results are

consistent with other In situ measurements which Imply electron densities In

the F-layer valley at the magnetic equator of' the order 103 at earlier local

times. (McClure et al., 1977; Norse et al., 1"77, lareisi and 3susszwiu,

1961).

At earlier local times (1900-2300) there are imdleations that the electron

density at ?-region valley altitudes ClS0-AS ka) ea be as high as t3

'Are

ds ,, -- Zpf



10el/cm. These density values wore measured in-situ by rocket-borne disc

probes and a Bennett Ion mass sectrometer during the Brailian Ionospheric

Modification Experiment (BDE) conducted at Natal, Brazil In September, 1982

(Narcisi and Haerendel, 1983). Vben these measured valley densities were

Included In flux-tube Integrated Pedersen conductivity and electron content

calculations, it was found that there was a significant increase In Instability

growth times, suggesting that the lack of observed, naturally-occurring

equatorial plasmas depletions may be related to the relatively high electron

densities within the valley region (CAderson, 1983).

To determine whether or not whistler observations might be a way of

'remotely' sensing the electron density values within the valley region during

the 1900 to 2300 LT period, we have ealculated dispersion values as a function

of altitude at the magnetic equator at 2000 LT instead of 0500 LT. The sane

two valley electron density values were chosen, 1 z 10Wel/o 3 and 2 x

1oel/o.3, and the same Input pearmeters discussed above were incorporated.

Figure 6 presents the calculated dispersion profiles for these two cases as

well as the calculated electron denity profile at the magnetic equator. The

post-sunset enhancement in upward Z4 drift is responsible for lifting the F

layer so that the valley region at the equator is below 350 km at this local

time.

At the bottom of the F-layer (350 kI) the difference In dispersion Is

appreciable. Assuming a valley density of 1 x 10 3el/m 3 gives rise to a

dispersion of 2 sec / 2 while an assumed value of 2 a' 1O1el/om3 yields a

dispersion of 6.A sel/ 2 , with increasing altitude the dispersion values

increase because both the electron density and the length of the poagnetle

field lie are Increasing. The difference between the two dispersion values,

bowever, decreases because the valley densities eontribute less and less to the
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total field l1nm-integrated density. It appears therefore, that a rocket

launch near the magnetic equator in the post-sunset time period mesuwing both

TL? waves and ln-situ electron densities would be able to determine Orsotely,

valley densities associated with the field lines it In intersecting. Such a

capability vould help establish instability growth-rates and determine whether

In fact high valley densities are a detriment to equatorial bubble formation.
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Fi-ge Captions

Figure 1. A scbematic diagram sbowing the relation between the sounding rocket

payload and a whistler propagating parallel to the magnetic field. The

payload would observe Whistler dispersions associated with 112, 3/2,

5/2,...of a full magnetic field line length.

Figure 2. An example of one of nine multiple-bbp whistlers observed by the

sounding rocket payload 34.010.

Figure 3. Vertical ionospheric drift velocities at the magnetic equator a a

function of loal tine.

Figure 4. The nodal Ionospheric electron densities are compared to JIO

measurements at 0200 LT and to Ruancayo foF2 measurements at 0500 LT.

Figure 5. The calculated dispersion for the model Ionosphere using two assiMd

values for the F layer valley (2 z 10o/ao 3 and 1 103/a3) compared to

the dispersions measured on the sounding rocket payload 34.010.

Figure 6. Calculated whistler dispersion profiles for equatorial ioospberic

conditions typical of 2000 LT assuming two different values for the

F-layer valley electron density (1 z 10 3o/ 3 and 2 z 10/cm3 ).
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